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Relaxation between closely spaced electronic levels of rare-earth ions doped
in nanocrystals embedded in glass
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The relaxation between closely spadsdparation~10 cm %) electronic levels of rare-earth ions doped in
insulating nanocrystalgésize 10—25 nmembedded in glass is studied by time-resolved fluorescence and
fluorescence line narrowing techniques. For particle sizes below 25 nm the relaxation rate increases with a
decrease in particle size. The increased relaxation rate is explained by the interaction of the electronic states of
rare-earth ions in nanocrystals with the vibrational excitations of the surrounding glass medium and with mixed
vibrational modes of the nanocrystallites and the glass. The possibility for the use of rare-earth doped nanoc-
rystals as a probe of the dynamical processes in glass is discussed.
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[. INTRODUCTION main and these spectra are essentially identical to those of
the structurally identical bulk single crystals. This occurs be-
The dynamical properties of rare-eaffRE) ions doped cause the RE spectra are governed by the local environment
into glassegor disordered materialare very different from  which is the same for all RE ions in the nanocrystals as is the
the situation when the RE ions are doped into bulk singlecase for bulk crystals. However, for electronic relaxation of
crystals. In the case of glasses, the dynamical properties aRE ions doped in nanoparticles surrounded by the glass,
governed by the interactions with the two-level systemdong-range interactions may make it possible for the single-
(TLS’s) and the localized vibrational excitations of the glassphonon direct process involving the phonon modes of the
matrix (see Refs. 1-4 for reviewslt is also known for glass to make an important contribution to the relaxation
“free-standing” nanoparticles consisting of loosely packedrate. Indeed, their exist two examples for which the long-
nanocrystalline clusters, that the electron-phonon interactiorange interactions of the RE ions and the glass are kn@yn:
of RE ions contained in the nanoparticles is strongly modithe modified radiative lifetime of the excited states of RE
fied compared to that of the bulk. For example, the electronigéons in nanoparticles due to local-field effects and the altered
relaxation rate among closely spaced energy levels in smadffective index of refraction of the medid® and (ii) the
nanoparticles resulting from the single-phonon direct procesglasslike” homogeneous broadening of the electronic tran-
can experience a significant reduction due to the gap in thsitions of RE ions in nanoparticles, which is due to elastic
acoustic-phonon spectrum and the reduction in the phonodipole-dipole interactions between RE ions in the nanopar-
density of state3® In addition, it has been demonstrated for ticles and the TLS in the glass!?
nanoparticles that optical dephasing resulting from two- When considering the population relaxation among elec-
phonon Raman processes can be enhanced and its tempetranic levels of RE ions doped in nanoparticles that are em-
ture dependence modified by confinement of the phonobedded in glass, two modifications relative to the single-
modes and the alteration in the phonon density of states rgghonon direct process in bulk crystals need to be considered:
sulting from confinement?® (i) the modification of the vibrational spectrum of the nano-
In the present paper, we address the question of whaiarticles due to size restriction, afid) the role of the inter-
processes dominate the electronic relaxation between thection with the vibrational excitations of the glassy matrix.
closely spacedseparation~10 cm * or ~100 GH32 elec- The goal of our experiments was to determine the dominant
tronic levels of RE ions contained in nanoparticles whenmechanism of relaxation. The results of such a study may
these particles are embedded in a glass matrix. It has provexiso provide information on the direct relaxation in RE cen-
very difficult to probe the direct process for RE ions in ters directly embedded in glass that would extend the very
glasses using optical techniques because the inhomogenedimited frequency rangé~10 GH2 known from electron
broadening makes it very difficult to study populations of paramagnetic resonand&PR experiments on spin-lattice
specific crystal-field levels. This inhomogeneous broadeningelaxation in glass**to much higher frequencies. This work
leads to a wide energy distribution of crystal-field levels andis also motivated by the interest in determining the optical
as a result to broad spectra in which the individual crystalproperties of these interesting materials, RE doped oxyfluo-
field levels are not resolved. However, for RE ions dopedide glass ceramics, which may have important
into insulating nanoparticles, sharp line optical spectra reapplications:®
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The dynamics are studied both in the time and frequency ' ' ' ' ' ' ' '
domain as a function of particle size. Pulsed laser excitation
of specific electronic levels of Ho ions embedded in the
nanoparticles is used to prepare nonequilibrium populations
of specific states and these populations are monitored with
time-resolved fluorescence. Enhanced relation rates are ob-
served for nanoparticles smaller than 25 nm. In addition,
fluorescence line narrowingFLN) experiments are per-
formed on Pt" to measure the homogeneous linewidths
from which the relaxation rates are obtained. While the FLN
measurements are identical to those of the bulk for the small- W
est nanoparticles we were able to stu@g nm), this result 635 636 637 638 639 640 641 642 643
sets an upper limit on the particle size for which electronic A (nm)
relaxation rates are significantly affected by interactions with
the surrounding glass matrix.
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FIG. 1. The excitation spectra of o 5F;—514 fluorescence
(A=643.2nm) in oxyfluoride glass ceramics containing
LaF,;:Ho®*" nanocrystals of different size and of LaFio®* single

Il. EXPERIMENT crystal(intensities adjusted for clarity of presentatioimset: energy

level schemdsimplified) of °F5 and °l4 states of H®" in LaF;.
The experiments were performed with transparent oxy-

fluoride glass ceramis consisting of the glassy matrix, in exciting laser light was chopped by an acousto-optic modu-
which 10-25 nm Hd"- or PP"-doped Lak crystallites are  lator (AOM) which was electronically synchronized with the
embedded. The size of the nanocrystals in the glass ceramiciopper wheel in the fluorescence collection path. The elec-
could be controlled by annealing the samples at differentronic delay was aligned so that the input pinhole at the
temperatures. The samples were held at 650 IC4ft to  auxiliary waist of the fluorescence collection beam was
nucleate the crystals and then held at the final temperatutglocked when the AOM opened the laser light path to the
(700, 750, 775, 800, or 825 j@or 4 h to grow the crystals to sample and vice versa. The light on/off periods wer@.5
the desired size. Electron and atomic force microscopy anths, which, because of the0.6-ms 'D, state lifetime of
x-ray diffraction were used for measurements of the size oPr", allowed observation of the resonant FLN signal. The
the nanocrystals. A measurement of the average crystalliteabry-Perot interferometer free spectral range was set at 5,
size is repeatable tac1.0 nm and 90% of the particles are 10, 20, or 50 GHz, as appropriate for the measurement. Be-
within 7.5 nm of the average. The average RE concentratiotween each FLN measurement the AOM-chopper delay was
in the oxyfluoride ceramic samples was 0.1% for Ho-dopedchanged and scans were taken of the scattered laser light in
and 0.05% for Pr-doped samples, but the RE concentration iarder to determine the interferometer resolution. The FLN
the nanocrystals is usually a few times higher due to RElata were corrected for the instrumental contribution to the
segregation. However, some of the RE ions are alwayseasured linewidths.
present in the glass component.

The samples were mounted in a liquid-helium cryostat. In 11l. EXPERIMENTAL RESULTS AND DISCUSSION
the spectroscopic and the time-resolved fluorescence mea- _ i S
surements the samples were excited with a pulsed dye lasel™ Op,t'cal_SpeCtra Z_ind_ ther_mal relaxa.t'on of nonequ'".b“um
pumped with the second harmonic ofaswitched YAG:Nd vibrational excitations in oxyfluoride glass ceramics
laser (Quanta Ray, pulse duration 10 ns, repetition rate 10 The excitation and fluorescence spectra of the**Ho
Hz). The laser light was loosely focuséd0.5—-1 mm on  °Fz—°I transition in oxyfluoride glass ceramics containing
the samples. For the high temporal resolution measurementsF;:Ho>" nanocrystals are shown in Figs. 1 and 2, respec-
the laser light was filtered with a monochromator in order totively. Also shown are the crystal-field sublevels of the two
decrease the broadband dye fluorescence/superradianeanifolds. The samples were immersed in liquid helium at
reaching the samples. The fluorescence was analyzed withTa=1.5 K. It can be seen in Fig. 1 that the excitation spectra
single- or double-grating monochromator and detected with af LaF;:Ho®" nanocrystals are similar to that of the bulk
photomultiplier tube. For the time-resolved measurementsingle crystal, which is shown for comparison. The main
the data were stored and averaged in a multichannel scalgifferences are the significantly larger inhomogeneous broad-
(EG&G, 5 ns temporal resolutigror a digital oscilloscope ening of the spectral lines in the glass ceramic samples and
(lower temporal resolution the existence of a broad fluorescence background resulting

For the fluorescence line narrowing experiments a cw dyé¢rom the presence of some RE ions contained directly in the
laser, Coherent CR59@requency jitter~2 MHz), provided  glassy component of the samples. The increase in the inho-
~30 mW resonant with the Pt *H,-'D, transition. The mogeneous broadening with a decrease of nanoparticle size
resonant FLN fluorescence was selected with an interferenamay be due to the increasing fraction of the RE ions close to
filter and analyzed with a scanning Burleigh RC-140 Fabry-the crystallite surface as the particle size is reduced or to the
Perot interferometer. The signal was detected with a photohigher concentration of defects in the smaller nanoparticles.
multiplier and was stored in a digital oscilloscope. In order to  Before considering the rapid relaxation of the nonequilib-
block the laser excitation light from the detection system, thaium population of electronic states produced by the resonant
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) <6582 1 sk The resulting frequency distribution of optically generated

vibrational excitationg“phonons”) in the excited volume of
the glass samples containing the nanoparticles after the in-
tense laser excitation could differ significantly from that cor-
responding to the 1.5-K temperature of the liquid-helium
bath!"'8The distribution of the vibrational excitations in the
optically excited glass is usually nonequilibrium and cannot
be characterized with a single temperatt/& It is custom-
ary to define a frequency-dependent effective temperature
derived from the occupation numbers of the vibrational ex-
P a—ye Py Y citat.ions at algi\'/en frequgncy. Thus the Qynamics of the vi-
wavelength (nm) brational excitations distribution in glass is better character-
ized by the occupation numbers of phonons at each
FIG. 2. The fluorescence spectra ofHlo°F5—°I 4 transition in ~ frequency. The phonon distribution in the excited volume of
oxyfluoride glass ceramics containing laFo®" nanocrystals the sample decays to the 1.5-K values by the diffusion of
(A exc=639.2 nm). phonons out of the excited volume accompanied by anhar-
monic decay of the phonons.
laser excitation, one should consider the thermal conditions The fast equilibration of vibrational excitations in nano-
of the nanocrystals and surrounding glass produced by thearticles and in glass offers the opportunity to use the nano-
absorption of light energy. This is necessary in order to unjparticles to monitor the phonon excitation of the glass. We
derstand the quasiequilibrium state of the ceramic that existtudied the vibrational excitation dynamics in the excited
after this rapid relaxation. The absorption of light occursvolume at the phonon frequency resonant with the lower
both in the nanocrystals and in the glass through resonafvel of the °F5 excited state(14.5 cni') using the tech-
absorption of the electronic states of the rare-earth ions. Asiique of optical detection of phonof$in this method, the
suming the same concentration of rare-earth ions in thé&elative populations of two electronic states coupled by the
nanocrystals and glass, we estimate that at least 90% of th@honons is determined. The phonon occupation numbers are
resonantly absorbed energy resides in the nanoparticles deerived from these populations and the effective temperature
spite the fact that they occupy only about 10% of the vol-may be then defined from the Boltzmann factor describing
ume. This follows from the 100-fold larger inhomogeneousthese relative populations. The laser was tuned so as to se-
width of the rare-earth ion resonances in the glass relative ttgctively induce transitions from the ground state to the dif-
that in the nanocrystals which implies that only 0.01 as largderent excited sublevels of théFs state of H3* in LaF;
a fraction of the ions are resonant with the laser in the glassanocrystalginset of Fig. 1, e.g., the 14.5-cm' level with
as compared to the nanocrystal. Actually, since the concenve,—=640.5nm and the 31.3-cmh level with \gy
tration of RE ions is significantly higher in nanocrystals than=639.2 nm. The fluorescence from the second sublevel of
in glass®® the fraction of energy absorbed in the nanocrystalghe excited®F 5 state of H3" ions (at\ =640.5 or 642.6 nm,
may be even greater. A significant fraction of the electronicsee inset in Fig. Jlin nanocrystals was used as a probe of the
energy created in the absorption is converted into thermabccupation numbers of 14.5-¢rhvibrational excitations in
energy(phonon$ due to nonradiative processes which occurthe excited volume. The lon50 us) radiative lifetime of
either directly from the initially excited states or from ex- the °F5 excited state makes it possible to detect the fluores-
cited terminal levels that result from the radiation to thesecence for more than 2 ms after the laser pulse. The decay of
lower excited levels. Assuming similar quantum efficienciesthe fluorescence from transitions originating from the lowest
in the nanocrystals and glass, it follows that the thermal ensublevel(intensity I ;) and the first excited sublevel at 14.5
ergy density in the nanocrystals is much larger. The resultingm * (intensity 1,) of the 5F excited manifold was ob-
phonons will be rapidly transported to the glass. The timeserved after the pulsed laser excitation. The time-dependent
scale for the achievement of a quasiequilibrium between theccupation number of 14.5-crh vibrational excitations in
vibrational excitations in the nanoparticles and those in théhe excited volume was obtained from the ratio of the inten-
surrounding glass is difficult to estimate. The equilibrationsities|,(t)/1,(t). Since the observed decay of fluorescence
process is complicated by a number of factors such as thigom both sublevels can be well described as exponential, the
microscopic elastic properties of the nanocrystal/glass interdecay time of the 14.5-cnt vibrational excitations is well
face, the acoustic mismatch between the crystalline andefined. In Fig. 3 this decay tim@quaresis plotted vs the
glassy materials, and the larger density of the vibrationalaser pulse energy for two different excitation frequencies.
states in the glasdocalized vibrations compared to that in The measured decay time and its dependence on the laser
the nanoparticles. To our knowledge the rate of the phonopulse energy is in good agreement with other optical studies
transfer between the nanoparticles and the surrounding glas$ nonequilibrium vibrational excitations generated by laser
has never been measured experimentally, though some rpulses in glas&® This result shows that the RE doped nano-
lated parameters were determined in Ref. 16 for silicorparticles may serve as fluorescent probes of the relatively
nanocrystals embedded in amorphous Si. However, we estslow vibrational excitation dynamics in the glass.
mate that this is rapid relative to the thermal relaxation of the The effective temperature of the excited volume is defined
excited volume of the ceramic. from the Boltzmann population ratio among the first two

fluorescence intensity
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FIG. 3. The dependence of the vibrational excitations decay 0

time and of the effective temperature on the laser pulse energy for crystallite size (nm)

two different excitation frequencies. ) )
FIG. 4. Times of relaxation between the two lowé state

sublevels of H3" in nanocrystals of different sizes embedded in

sublevels of the °Fs manifold separated byAE oxyfluoride glass ceramics. Solid line: the relaxation time value
=145cm !, N,/N;=exp(—AE/KkT), which is obtained for single crystal. Inset: typical time-resolved fluorescence decay
from the ratio of the fluorescence intensities. To convert fromand buildup curves.
intensity ratio to population ratio, the fluorescence spectra
were obtained at a known elevated temperature with veryhich served as a measure of the sublevel populations. Ini-
low laser excitation powef<10 wJ) such that no optical tially after excitation, the population of the Fio ions is
heating is observetsee Fig. 2 so as to determine the rela- predominantly in the second sublevel, 14.5¢nabove the
tive transition probabilities for the two transitions. In this metastable statésee Fig. 1 The population then decays
spectrum the fluorescence from the higher excited state sulthrough the single-phonon direct process producing a
levels due to their thermal population is observediat 14.5-cmi’' phonon and an ion in the lower level. The time
=640.5 and 642.6 nm. In Fig. @ircles the effective tem- dependence of the luminescence decay of the upper level and
perature measured for 14.5-Chvibrational excitations, the buildup of the emission from the lower lev@ns tem-
shortly after the excitation pulse, is plotted vs the laser pulsg@oral resolution reveal the single-phonon decay rdiee
energy for two different excitation frequencies. The observednset in Fig. 4. The populations will relax to a quasiequilib-
effective local temperature of the nanoparticles at 14.5%m rium value given by the effective temperature, as discussed
falls in the range of 4—8 K. It is expected that the phononsabove. Because the 14.5-chnsplitting between the excited
are in quasithermal equilibrium with the surrounding glassstate sublevelgphonon energyis large compared to the ex-
and it is found that the excited volume cools only on a mil-cited volume effective temperatufie;, which in these ex-
lisecond time scale. The solid line in Fig. 3 represents theperiments was estimated as 5 K, it is easily possible to fol-
theoretical prediction that the temperature of the nanopatow the direct process relaxation of the phonon occupation.
ticles varies as the square root of the laser power, a behavidihe relaxation times were determined from both the higher
that is expected if the nanoparticle and the local volume okublevel decay and lower sublevel buildup curves and the
the glass matrix surrounding the nanoparti@lesumed to be average values were used to find the experimental relaxation
much larger than the volume of the nanoparjiclee at the timest;. These relaxation times as a function of the size of
same effective temperature and that the heat capacity of glagise nanoparticles embedded in the oxyfluoride glass ceramics
at low temperatures varies linearly with temperature. ltare shown in Fig. 4. The corresponding annealing tempera-
should be noted that the effective temperature, determinetlires are shown on the top axis. The valuet pflecreases
from a measurement of the phonon occupation numbers atith a decrease of the nanocrystal size, whereas for the larg-
different frequencies, may be frequency dependent becaugst nanoparticles it approaches the single-crystal value.
the real frequency distribution of vibrations in the optically = The observed dependence of the relaxation time on
excited glass may be nonequilibrium. nanocrystals size may be explained assuming an important
role for the interaction of the electronic states of RE ions in
the nanoparticles with the excitations of the glass matrix. In
glass, low-lying vibrational modes of a nonacoustical nature
are presert?’ These are responsible for an enhancement of

The direct observation of the relaxation between the twche density of vibrational states relative to that in crystals. It
lowest °F 5 sublevels was performed under excitation of theis well known that the interaction with these modes makes a
upper sublevel ak =640.5 nm. Transitions from both sub- contribution to the homogeneous broadening of optical tran-
levels to one of the groundlg state components were ob- sitions for impurity ions in glass® The excitation of these
served in fluorescence at=642.6 nm andA=643.2nm modes may also be the dominant mechanism in the direct

B. Relaxation between the®F ¢ excited state sublevels of H&"
in LaF 3 nanocrystals in glass
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relaxation process between the closely spaced levels of RE 7
ions in the nanocrystals embedded in gisat the fre-
quency of 14.5 cm® (0.44 TH2 the density of vibrational
states of the glass is significantly greater than the density of A
states in crystals, at this same frequency, based on a Debye 10+ «*
model®>?° The vibrational modes of the glass may, together !
with the phonon modes of nanoparticles, form new mixed

[ e '23nm LaFPringlass

| & LaF_Prsingle-crystal 44
®
F)

vibrational states, which may take part in the single-phonon ET )
direct relaxation process. The exact nature of these states and %) cm
their vibrational wave functions are not known and their in- = — 16895
teraction with the RE ions will depend on the location of Z 16872
these ions with respect to the surface of the nanopatrticle. An =1 F E
additional relaxation mechanism connected with the interac- T

tion of RE ions with TLS’s cannot be excluded though they

are usually considered dominant in processes having smaller

characteristic energies. In any case, the experimental results 76

of Fig. 4 clearly suggest that the interaction with the glassy 57
matrix becomes significant for the nanocrystals smaller than

25 nm and that these new modes lead to enhanced single- o1p | e 0
phonon relaxation rates. 0 5 10 15 20 25 30 35

T (K)

FIG. 5. Temperature dependence of the fluorescence line nar-
rowed width for P#* in LaF; nanocrystals embedded in oxyfluo-
ride glass ceramics and for®Prin LaF; single crystals. Thin solid

Whereas in the previously discussed experiments the reines: theoretical curves from Ref. 21.
laxation processes were examined in the time domain, the

technique of fluorescence line narrowitf.N) enables one  giq jines are the theoretical curféaking into account the

to measure the relaxation rate in the frequency domain bye nhonon processes between the electronic states’ sublev-

obtaining the.homogeneous Ijnewidth of opti(;al trarysifcions.els. The temperature range of the experiment onstiean-

e e ot e S Glion e e fo he ow-emperature ide by he e
' . Ctrease of Boltzmann population of the upper excited state

the resonant fluorescence of those ions. The observed ling-

width is determined both by population relaxation and pur Sublevel whose fluorescence became too weak to measure

dephasing. Here, experiments were performed with oxyflugbeloW about 6 K. The m_herent weakness of th&ans_ltlon
prevented us from making FLN measurements on it. These

ride glass ceramics containing®Prdoped Lak nanocrys- X o
tals. In this host, the two lowestD, excited state crystal- experlr_nents were made more d|ff|cult_ by the fact that the
field Stark components of Pt in LaF, are separated by 23 FLN signals in Pr-doped glass ceramics are much weaker
cm L. The transition from the upper sublevel to the groundthan in single crystals, due mostly to the larger inhomoge-
state(w polarized lies at 591.7 nm, whereas the transition "€ous broadening of the transitiori$his also makes it im-
from the lower sublevelo polarized is at 592.5 nm, see possible to perform experiments with smaller nanoparticles
inset in Fig. 5. FLN studiés in bulk LaF;:PP* single crys-  since the fluorescence becomes even wekierobservable
tals showed that the width of the (uppe) transition, below difference between the homogeneous linewidth ofzttean-
10 K, is determined by one-phonon relaxation to the lowessition for the embedded nanocrystals and in single crystals
excited state sublevel with the emission of a 23-¢mho-  was observed. Nevertheless, this places an upper limit of 5
non. When the nanocrystals are embedded in the glass, therel0® s~1 on the contribution to the relaxation rate of inter-
may be an additional contribution to the relaxation associaction with the vibrational states of glass at 23 ¢nior
ated with interaction of the Pf ion with the surrounding 23-nm particles. This FLN result is consistent with the re-
glass medium. A comparison of the homogeneous broadersults on H3" in the time-domain where it was found that 25
ing of 'D,—3H, = transition y,= yg /2 of PPT in LaF, nm was the lowest size of nanoparticle where interactions
single crystals and in nanocrystals embedded in glass makeath the modes of the glass could be obseryHPs increase
it possible to determine the contribution of the interactionin the relaxation rate compared to the bulRlthough the
with the vibrational modes of the glass to the relaxation pro-direct process relaxation rate is not significantly increased for
cess. 25-nm particles, the elastic dipole-dipole interaction with the
The temperature dependence of the homogeneous linéwo-level systems of glass does significantly modify the pure
width of the 'D,—3H, = transition in Lakg:Pr* 23-nm  dephasing rate as seen in previously reported measurements
nanocrystals in oxyfluoride glass ceramics doped with 0.05%f the homogeneous linewidth of tletransition using spec-
Pr is shown in Fig. 5. For comparison, the data taken with aral hole burning, even aT<5K in the same samplé$.
LaF,;:0.1% P?* single crystal are also plotted. The thin However, the hole burning experiments allow one to perform

C. Fluorescence line narrowing measurements of relaxation
between the'D, excited state sublevels of F¥ in
LaF; nanocrystals in glass
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much higher resolution linewidth measurements than FLN to For ions located directly in glass, the measurement of the

make the interaction observable. direct relaxation processes between the closely speeh-
ration ~10 cm 1) electronic levels is difficult in optical ex-
IV. CONCLUSIONS periments because of experimental difficulties connected

with the large inhomogeneous distribution of energy level

It has been demonstrated that RE doped nanoparticlespacings in glass. However, utilizing the narrow distribution
may serve as efficient probes of many dynamical processest energy-level separations and the sharpness of the optical
in glass that cannot be observed when the RE ions are eMgansitions of the rare-earth ions in the nanocrystals, it was
bedded directly in the disordered glass matrix. possible to circumvent these experimental problems and to

The direct relaxation processes between the closelyse the nanocrystal size to vary the distance between the
spaced electronic levels of RE ions in nanoparticles embedsrope jons and the modes of the glass to which the RE ions
ded in glass were studied. It is suggested that if the nanopaggyyple. The results of the current study are in agreement with
ticles are small enough, the relaxation between the levelge increased spin-lattice relaxation rates for ions in glass
occurs with the generation of a vibrational excitation of 9|asscompared to crystals observed in EFRefs. 13 and 14for
or of the mixed nanoparticle-glass modes. The modificationgwer frequencies. Clearly, theoretical models for the vibra-
of the vibrational spectrum of nanoparticles due to size retjonal modes of the nanoparticles imbedded in glass are
striction effects, which results in the slowing down of the neeged to quantitatively understand the observed size depen-
one-phonon  direct relaxation in  “free-standing” dence.
nanpparti_cle%‘s does not play a significant role for the nano-  ysing time-resolved fluorescence spectroscopy of RE ions
particles in glass. This may be explained by the damping angh nanoparticles it was also possible to observe the dynamics
propagation into the glass of the size-resonant vibrations obf a distribution of nonequilibrium vibrational excitations
the nanoparticles in the situation when the acoustic mismatcf¥phonons”) in glass and to determine the effective tempera-
between the crystallite and the glass is small. Also, the siz@yre of the optically excited sample volume. The small size
of the nanoparticles may be too large to produce significanéf the nanoparticles ensures a fast enough response of the
modification of the vibrational density of states at the fre-gccupation of the energy levels of the RE ions to the changes
quencies studied here. in the effective temperature of the glass on the slower time

The faster relaxation between the RE sublevels in smallegcaie of the glass thermalization. Thus the RE doped nano-

nanocrystals implies, that for ions present directly in theparticles may be used as “nanoscale thermometers” in dif-
glass, an even faster relaxation must occur. Extrapolation ggrent media.

the results of Fig. 4 suggests that the relaxation rate of levels

separated by 14.5 cm may be at Iefist three times .but per- ACKNOWLEDGMENTS
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